INTRODUCTION
The power quality issues have become a vital subject due to the proliferation of non-linear loads applied for the power electronic control. The harmonic components drawn by these loads highly increase the losses and disturb the voltage quality [1] . To deal with these power quality issues, the APFs are becoming an attractive solution due to their flexibility, fast dynamic response during load variation, the ability of decreasing the total harmonic distortion (THD) significantly using only one inverter, and the capability of compensating for the unbalance and the power factor (PF) [2] - [4] . Identifying the reference compensating current (RCC) is a crucial matter in controlling the APF. The synchronous reference frame (SRF) approach is widely applied to the APFs for extracting the RCC [5] - [6] . This method, which is a time-domain method, is distinguished form the frequency-domain methods by its simplicity, fast dynamic response and low computation burden. Moreover, the PF and the current unbalance can be easily compensated using the SRF approach.
An essential issue in applying the SRF approach and synchronizing the RCC is the estimation of the grid voltage phase. Several synchronization methods have been proposed in the literature for this purpose [7] . Probably, the most popular synchronizing method for APFs is using a PLL. The SRF-PLL is a standard PLL for grid-connected applications. Under ideal grid conditions, the SRF-PLL provides accurate information of the phase and the amplitude of the grid voltage with a fast transient response. However, under adverse grid voltage conditions, the performance of the SRF-PLL is tended to worsen. Reducing the loop bandwidth of the SRF-PLL makes it possible to work under harmonically contaminated voltage. Nevertheless, this solution is attained at the cost of the speed of the transient response that is unwanted in several applications. Several Advanced PLLs have been proposed in the literature to overcome the weaknesses of the SRF-PLL under adverse grid conditions. In [8] , a dual second-order generalized integrator PLL (DSOGI-PLL) is presented. In [9] an adaptive resonant filter is integrated in the SRF-PLL with a simple structure. An adaptive SRF-PLL that is supported by several notch filters (NFs) is presented in [10] . The incorporation of the moving average filter into the SRF-PLL (MAF-PLL) is relatively advanced [11] . In [12] , the application of cascaded delayed signal cancelation based PLL (CDSC-PLL) is proposed. Other techniques are summarized in [13] . The complex-coefficient filters (CCFs) have interesting features of making the distinction between the positive and negative sequences of the same frequency [14] . Guo et al. has presented a novel structure of the PLL based on CCFs named multiple CCF PLL (MCCF-PLL) [15] . This structure is based on implementing a range of submodules that work in a cooperative manner to provide the sequence selectivity of the desired harmonic components. Moreover, the application of the CCFs to the PLL provides accurate frequency/phase estimation with a fast transient response under adverse grid conditions. This paper suggests a selective harmonic cancelation technique based on the MCCF-PLL to improve the dynamic performance of the SAPF under distorted and unbalanced grid conditions. The advantages of applying the MCCF-PLL lie in offering an accurate phase and frequency estimation of the fundamental positive sequence. In addition to providing information about the fundamental negative sequence, and the polarity of each selected harmonic component. The effectiveness of the proposed technique is verified experimentally.
II. MULTIPLE COMPLEX-COEFICIENT FILTER
The MCCF-PLL is an advanced SRF-PLL that is distinguished by a pre-filtering stage in the stationary αβ frame. This pre-filtering stage contains several submodules of the CCFs operating in a cooperative manner as shown in Fig.  1 [15] . If the grid voltage is unbalanced but slightly affected by harmonics, two-module (TM) system tuned at the positive and negative sequences of the fundamental frequency can be efficient. However, under high harmonic contamination, the implementation of multiple-module (MM) system that is shown in Fig.1 is recommended [15] , [16] .
An unbalanced and harmonically contaminated three-phase voltage can be represented as 
where ℎ , ℎ , ℎ , ℎ are respectively the amplitudes and the phase angles of the positive and negative sequences that correspond to the ℎ ℎ harmonic component of the contaminated grid voltage. Transforming these voltages from abc to αβ using Clarke transform results in
Where
Applying the transformation of Park (αβ-to-dq) yields
Under a quasi-locked condition (̂1 ≈ 1 and ̂= ) (7) becomes
Where and are the dc terms, while and are the disturbance terms. Fig. 1 shows the control structure of the SAPF that is based on the MCCF-PLL for performing the synchronization. The contaminated voltage 1,2,3 is transformed from abc stationary system to αβ using (4)- (6) . Then, the MCCF structure based on CCFs is applied to extract the fundamental positive sequences ( 1 ) of the distorted voltages . After that, 1 are fed to the SRF-PLL to estimate the phase angle of the fundamental positive sequence of 1,2,3 . Next, the estimated phase angle is served to SRF approach to perform Park transformation of the load currents ( 1,2,3 ) , while the estimated frequency is fed back to adapt the CCFs tuning frequency. In the rotating dq frame, the fundamental currents ( ) and ( ) appear as a dc components while the harmonic components ( ) and ( ) appear as ripples. The separation between the fundamental components and the ripples is achieved using the MAF. The window width ( ) of the MAF is selected according to the type of the current perturbation. In the case of existence of the harmonics 6ℎ ± 1, selecting to 1 6 cycle offers fast time response with sufficient accuracy. When only odd harmonics exist, has to be set to 1 2 cycle for improving the accuracy. When, in addition to odd harmonics, dc offset and even harmonics appear, then setting to one cycle is necessary. The dc link voltage is compared with a reference, and the error is added to through a PI controller to force to follow its reference. The RCC are obtained by transforming ′ and back from the dq rotating frame to the abc stationary frame. Finally, the RCC are compared with the output filter currents ( 1,2,3 ) of the SAPF and the error is fed to the PWM control through the PI controller. The triangular signal of the PWM control is set to 7 kHz. The advantage of the PI controller lies in its simplicity in mitigating the error, and the effectiveness in optimizing the dynamic response of the SAPF.
According to Fig. 1 , the fundamental positive sequences 1 and 1 can be expressed as:
The difference between real band-pass filters (RBFs) and complex band-pass filters (CBFs) lies in the sequence selectivity. The real coefficient filters cannot distinguish between the polarity of the aimed frequency, and thus pass both sequences (for example +250 Hz and -250 Hz), while the CBFs have the unique feature of selecting the sequence of each frequency. A typical complex bandpass filter (CBF) can be expressed in (13) for the positive sequence and in (14) for the negative sequence of the aimed frequency. ( ) = + ℎŵ + (14) where ŵ is the estimated frequency. For an optimum damping ration (well-damped with fast transient response) are less than 0.707 offer a slow and damped dynamic response. Therefore, the optimum choice of is set to 0.707 since it provides a suitable compromise between the overshoot and settling time.
According to [16] , designing the PI parameters is attained by extracting the open loop transfer function of the smallsignal model of the MCCF-PLL that is shown in Fig. 3 .
The controller gains and are selected based on the extended symmetrical optimum method [17] , [18] . Details of selecting the gains and are well explained in [16] . 
BEHAVIOR OF THE MCCF-PLL UNDER UNBALANCED AND DISTORTED GIRD VOLTAGE
AND FREQUENCY EXCURSION The study of the MCCF-PLL is attained under MATLAB/Simulink environment. The CCFs are not adapted with the frequency feedback to evaluate their performance under a small frequency excursion. Before the instance 0.1s, the grid voltage RMS value is set to 220V, the unbalance is caused by reducing the second phase value to 10% from its nominal value, and the -5 th and +7 th harmonic components are superposed on the voltage with the values of 12.4V. After the instance 0.1s, the unbalance is increased by reducing the second phase value to 30% from its nominal value, and the values of the -5 th and +7 th harmonic components are increased to 31.1V. In the instance 0.15s, the grid frequency is drifted from 50 Hz to 52 Hz.
is set equal to 0.707ŵ to provide an optimum damping ratio, the PI controller gains of the MCCF-PLL are set to =220 and =2400. Fig. 4 demonstrates the performance of the MCCF-PLL under unbalanced and distorted grid condition and grid frequency variation using MM structure tuned for the fundamental frequency positive and negatives sequences and the most dominant harmonic components (-5 th and +7 th ).
Before the perturbation increases, 1 and 1 are accurately extracted with a sinusoidal waveform and the estimated frequency is filtered from ripples. When the voltage perturbation occurs in the instance 0.1s, 1 is not affected by the perturbation, while 1 is slightly affected and takes almost the sinusoidal waveform. On the other hand, the estimated frequency is filtered from the ripples before the perturbation occurs, then slight ripples that can be considered neglected appear on it during the perturbation, while the estimated frequency of the SRF-PLL contains large ripples that increase significantly when the perturbation occurs. The last subplots depict respectively the information of the superposed harmonic components (-5 th and 7 th ) extracted by the MCCF MM structure. The frequency drift that happens in the instant 0.15s does not influence on the MCCF-PLL behavior. However, if the grid voltage subjects to a large frequency excursion, then the adaption of the CCFs with the new estimated frequency that is depicted in Fig. 1 is mandatory. ) is sufficient to provide an accurate frequency/phase estimation. According to Fig. 6 , it is evident that the MCCF-PLL offers an accurate estimation of ̂ under ideal grid voltage and distorted grid voltage (Fig. 6 (a) ), and unbalanced distorted grid voltage (Fig. 6 (b) ). The accuracy of the MCCF-PLL emerges on cos(̂) that is maintained sinusoidal even under grid voltage perturbation. The estimated ̂ of the fundamental positive sequence is fed to the SRF approach to perform the transformation of Park as shown in Fig. 1 . Then, based on the moving average filter, the RCC are extracted and supplied to the SAPF through the PWM control. It is clear that the performance of the SAPF based on MCCF-PLL is improved and keeps the THD of 1,2,3 around 4.7% before and after the perturbation occurs which respects the aforementioned standards.
IV. PRACTICAL RESULTS

Fig
V. CONCLUSION
According to the conducted studies, the following conclusions are observed from the implementation of the MCCF-PLL to perform the synchronization of the SAPF with a distorted and unbalanced grid voltage.
1) The CCFs have valuable advantages of providing information about the polarities of the fundamental and each individual selected harmonic component.
2) Under slightly distorted grid conditions, using only two submodules, or adding extra ones for the most dominant harmonic components are sufficient for providing accurate information about the grid voltage phase\frequency. This property makes the MCCF structure a cost effective technique.
3) Although the MCCF structure is a pre-filtering technique (implemented in the stationary αβ frame), the feedback of the estimated frequency makes the CCFs adaptive with the frequency variations. 4) In most cases, the grid voltage fundamental positive sequence is fixed, and the negative sequence and other harmonic components are variable due to the affection caused by the variation of loads. Therefore, this variation does not affect the transient response of estimating the phase angle of the fundamental positive sequence as shown in the experimental results. As a consequence, the dynamic response of the SAPF is optimized.
